We have investigated the structural, mechanical and electronic properties of D-carbon by ab initio calculations, a new phase of crystalline sp 3 carbon (pace group D 2h 5 , Pmma-orthorhombic). Totalenergy calculations demonstrate that D-carbon is energetically more favorable than previously proposed T6 structure. State-of-the-art theoretical calculations show that this new phase is dynamic, mechanical, and thermal stable at zero pressure, and more stable than graphite beyond 63.7 GPa. Importantly, the calculations reveal that D-carbon possesses high Vickers hardness (86.58 GPa) and bulk modulus (369 GPa), which are comparable to diamond. D-carbon is a semiconductor with a band gap of 4.33 eV, lower than diamond's gap (5.47 eV). The simulated X-ray diffraction pattern is in satisfactory agreement with the previously experimental data in chimney or detonation soot, suggesting its possible presence in the specimen. Equally important, the possible transition path from diamond to D-carbon has been investigated, indicating a possible approach to synthesize this new phase.
PACS numbers: 61.50. Ks, 61.48.De Carbon is an amazing and versatile element: not only because it is the significant and essential element required for all life processes, but also, due to its rich physical and chemical properties. The discovery of fullerenes, [1] nanotubes, [2] and graphene [3] has motivated tremendous interest in recent years to explore newly carbon structures in sp 3 -, sp 2 -, and sp-hybridized bonding networks. These synthesized carbon allotropes give rise to enormous scientific and technological impacts on natural science, leading to many applications in different fields such as protective coatings, gas sensing, energy storage systems, and solar cells. [4, 5] On the other hand, to guide experimental design, highly accurate theoretical predictions are indispensable in the search of new carbon allotropes. Various elusive carbon allotropic modifications have been proposed, including the Cco C 8 , [6] bco C 16 , [7] bcc C 8 , [8] T-carbon, [9] T 6 -, and T 14 -carbon. [10] Several predicted carbon phases, e.g., monoclinic bct C 4 , [11] and M-carbon, [12] were also proposed to simulate the synthesized phase. And it's worth noting that the previously theoretical predicted T-carbon has been synthesized very recently, [13] although this structure is thermodynamically metastable phase with the high total energy (-7.92eV/atom). [9] Moreover, there are still other experimental and theoretical efforts made on new carbon materials (e.g., V carbon [14] and compressed glassy carbon [15] ). Therefore, it is more significant to enter into the era of carbon allotropes. [16] In this letter, on the basis of the first-principles calculations, we present a theoretical investigation of structural, mechanical and electronic properties of the new carbon allotrope, D-carbon, namely. The calculated results demonstrate that D-carbon, dynamically stable and with a lower energy than previously reported modifications (e.g., C 20 , T 6 , and T-carbon), has a Vickers hardness 86.58 GPa mildly smaller than diamond (93.7 GPa). A satisfactory match of simulated and measured X-ray diffraction pattern indicates the possible presence of Dcarbon in chimney or detonation soot. The first-principles calculations were based on density functional theory with generalized gradient approximation (GGA) in the form of Perdew-Burke-Ernzerhof function for exchange-correlation potential. [17] All the calculations were performed using the Vienna ab initio Simulation Package (VASP). [18] The energy cutoff of the plane wave was set to 650 eV with the energy precision of 10
eV. [19] The atomic positions were fully relaxed until the maximum force on each atom was less than 10 −3 eV/Å. For a carbon atom, 2s 2 2p 2 electrons were considered as the valence electrons. The Brillouin zone was sampled with a 10 × 7 × 6 Monkhorst-Pack k-points grid for geometry optimization. Phonon dispersions and frequency densities of states (DOS) were performed in the Phonopy package [20] interfaced with the density functional perturbation theory (DFPT) [21] as performed in VASP. For accurate bandgap estimations, we employed the hybrid functional approach (HSE06). [22] First-principles finite temperature molecular dynamics (MD) simulations were performed to further examined the stability of the structure by using time steps of 1 femtosecond in 3 × 3 × 3 super-cells containing 162 atoms/cell. Fig. 1 shows the optimized structural model of Dcarbon. This structure has a orthorombic primitive cell containing six C atoms, with a high symmetric space group Pmma (D 2h 5 , 51). At zero pressure, the relaxed bond lengths of C-C are, respectively, 1.60 and 1.54Å. In contrast to the uniform bond length of 1.54Å in diamond, this bonding is quite unusual, notably longer than the bond length of 1.42Å in graphene, but slightly shorter than previously reported longest C-C bond (1.788Å [23] ). 2 shows the calculated total energy versus volume and relative enthalpy for D-carbon compared to other previously proposed carbon phases. We note that Dcarbon is not only more stable than some theoretically predicted carbon modifications (e.g., T 6 , bcc C 8 ), but also energetically more favorable than several experimentally realized carbon modifications (e.g., C 20 fullerene and T-carbon), implying that the D-carbon could be synthesized. To further evaluate the relative stability of this new phase, we also calculated its cohesive energy E coh = [6E C − E total ]/6, where E total and E C are the total energies of D-carbon and a single C atom, respectively. The calculated cohesive energy (7.48 eV/atom), apparently higher than recently experimental synthesized T-carbon,(6.573eV/atom [9, 13] ) suggests that D-carbon is a strongly bonding network. Significantly, with increase of the pressure, the D-carbon becomes preferable to graphite above 63.7 GPa and is more stable than earlier theoretical T 6 and T 14 structures at this pressure. (see Fig. 2b ) Further, phonon spectrum and (Ph DOS) density of states indicate that D-carbon is dynamically stable, both at zero pressure and high pressure. (see Fig. S1 ) Therefore, once synthesized, D-carbon should be quenchable as a metastable phase to ambient pressure and low temperatures. The thermal stability of Dcarbon was also confirmed by analyzing the backbone root-mean-square deviation (RMSD) from the starting crystal configuration over the process of the trajectory, it is evident that the RMSD levels off to ∼3.7Å at 1000 K, indicating that the geometric configuration is expected to be remarkably stable. D-carbon has nine independent elastic constants C ij and for a stable orthorhombic structure its corresponding elastic constants C ij should satisfy the following elastic stability criteria: C 11 , C 22 , C 33 , C 44 , C 55 , and [25] where N e is the electron density of the number of valence electrons per cubic angstroms, d is the bond length, and f i is the ionicity of the chemical bond in a crystal scaled by Phillips. [26] The calculated Vickers hardness of diamond in this work is 92.49 GPa, [27] closing to the previously theoretical (93.6 GPa) and experimental value (96±5 GPa). According to the generally accepted convention, a superhard material owns H ν > 40 GPa, [28] therefore, D-carbon can be regarded as superhard material. ] direction, D-carbon shows the smallest ideal strength and critical strain (73 GPa and 0.16), giving rise the (001) easy cleavage planes. In the (101) lattice plane, its pure shear stress along the [100] direction has the highest peak value (122 GP), which is moderately lower than (111)[112] direction of diamond (140 GPa), [29] but still obviously higher than (100) < 001 > slip orientation of T-carbon (7.3 GPa) [30] , while the [010] direction has the lowest peak value (xxGPa). Under indentation shear deformation, the stress response is nearly identical to that under pure shear deformation, but pure shear strain causes greatly enhanced stiffness. Fig. 4a shows the orbitally resolved band structure of D-carbon. It is insulating with an indirect band gap. The PBE band gap is 3.15 eV. The HSE correction does not change the band structure qualitatively, but increases the band gap to 4.33 eV,(see Fig. S2 ) [27] which is smaller than diamond. The results show that the valence band maximum (VBM) of D-carbon is contributed by C 2px states while the conduction band minimum (CBM) is mainly contributed by C 2pz states. There is obvious orbital hybridization between C 2s and C 2p states below the Fermi level. To investigate the bonding state between the C-C atoms, we calculated its electron localization function (ELF). From Fig. 4b , the D-carbon is an all-sp 3 carbon modification with all electrons well localized between the C-C atoms forming the σ bonds. The experimental XRD patterns from Ref. [31] and Ref. [32] . The used X-ray wavelength is 1.54Å as employed in the experiment. [32] To further establish the experimental connection of our proposed structure, we have simulated the X-ray diffrac-tion (XRD) patterns to compare with the experimental data. (Fig. 5 ) Different from diamond where the peaks of (111) at 44
• are observed, for D-carbon, the peaks at 23.3
• , 32.8
• , and 43.1
• are strong intensity, and one peak at 22.7
• with weak intensity is also observed. For chimney or detonation soot, the most distinct feature of the experimental measured XRD spectra is the peak around 23
• that does not match any previously known carbon phases. [31, 32] Our simulated XRD results show that the diffraction peak of D-carbon satisfactory matches the previously unexplained peak, even though the peaks are broad. These results suggest that D-carbon is a possible candidate of the new carbon phase observed in the chimney or detonation soot.
The simulated Raman and IR vibrational modes with corresponding frequencies are presented in Fig. S3 . The Raman and IR spectra exhibit distinguishing lines at 1075 cm −1 and 1239 cm −1 , respectively. All these attainable features may be helpful for identifying the D-carbon experimentally. Additionally, transition path simulation reveals the formation of D-carbon through diamond exists a relatively high energy barrier of 0.94 eV/atom, indicating that the D-carbon can be preserved once formed in experiments.(see Fig. S4 , [27] )
In summary, the D-carbon, an orthorhombic sp 3 bonded structure, was discovered theoretically using the first-principles calculations.This structure is energetically more stable than several previously experimental or theoretical sp 3 species. The results in this Letter indicate that D-carbon is another potential modification of metastable sp 3 carbon system. 
